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\Q SUMMARY

Parabolic rate constants of the reaction of chromiuni with nitrogen gas ynder oxygen-
Sree conditions have been determined over a range of temperature (1000% 1250%C) and
nitrogen pressure (0-265-101-33 k Pa). The growth rate of the subnitride was measured by a
thermogravimetric technique using a single specimen. Wagner's oxidation theory is used
to calculate the self-diffusivity and imtrinsic diffusivity of nitrogen in the subnitride from
a theoretical analvsis of the parabolic rate constami. The calenlated diffusivities varied
with the composition of the subnitride, having mininwm values ai intermediate composi-
tions of the non-stoichiometric chromium nitride/*Cr,. 4 -
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1. INTRODUCTION

The mechanical properties of chromium and chromium-base alloss wre adsersels attected
by their reaction with mitrogen at high temperatures and a hnowledge of nitnding kineties s
expected to be helpful in the development of chromium-base atloys 1or gas turbime applications
Although the rate of nitriding of chromium has been studied by several ivestigators” # the
data are very limited: only Schwerdtteger? studied the etfect of nitrogen pressure and his study
was restricted to two temperatures. 1100 and 1200 € The submitede "CoNT film formed on
chromium s unitorm in thickness. dense and adherent. and 1t formation tollows parabolic
kinetics. [t has been clearly established!# U that the growth of the ilm occurs by the diffusion
of nitrogen through the nitride film.

The present work was undertaken to study the bineties of the growth of chironmum sub-
nitride on chromium in nitrogen gas over the temperature range (000 1250 C as o function
of nitrogen pressure. and to analyse the kinetre data using the detatled equilibriom measurements

on the Cr N system previoushy reported by the present author

2. EXPERIMENTAL

A gravimetric technique was used to determine the rate of mitridimg. The thermobalance
was a Cahn automatic recording R.G. Electrobalance and the apparatus tor temperature control.
pressure controb and nitrogen puritication has been deseribed in detinl elewhere The important
feature of the svstem is the use of @ 150 mm tube of nitnided titanium at the bottom o the
alumina reaction tube. The specimen was suspended i the centre of this tube. which elimnated
the possibility of oxidation of the specimen by residual oy gen and water sapour in the apparatus

Only one specimen. with dimensions 8 8 2-d mm. was used i the evperiments 1t
was prepared from rolled strip of high-purits clectrolvtic chromium by polishing with abrasne
papers under kerosene down to 40, then washing (in turn) in petroleum: ether. alcohol and
acetone. The specimen was de-oxidized in the apparatus m hydrogen at 1200 C for 3 hours
prior to the nitriding studies. Before cach test. the specimen was equilibrated at the test tempera-
ture in nitrogen at a pressure just below the dissociztion pressure of “CroN7 The pressare
was then raised 1o the value selected for the test. At the end o i test. the pressure was reduced
so that the “CroN™ dissociated and the chromium specimen was regenerated for the nest 1ot
With this procedure. the measurements were made inwovery short tme and the uncertamuies
associated with the use of separate specimens for cach test were chmmated

3. RESULTS

It was found. in agreement with the resubts of other workers, that thie mitnidhimy of chramium

Py
(\l ) Aot th
1

where AH wereht change during nindime. 1 suface atea of the speamen. A patabohic

follows the parabolic law

rate constant, and 7 reaction time. Bigures T and 2 show tvpieal results i accordance with
this Taw. Dependence of A 0 Table T on nitrogen pressure and temperature is shownan fipure 3
where A i plotted avaimst log pas For clarmy and compactness, the values of A are saaled
by a factor B and displiaced by o constant € (shown on iparer The relation between A and

fog pyoois hest represented by o srmardad-shaped curve The mflection v maore evident at the




lower temperatures. where, with nitrogen pressures restricted to 1 atmosphere. it was possible
to study the reaction with compositions at the subnitride nitrogen interfiuce close to the upper
limiting composition of “CraN". Above 1100 C. much ligher pressures are required to study
the same composition range e.g. at 1250 C. the “CroNT CrN equiltbrium: pressure s about
1160 kPas.

Schwerdtfeger's! results are also plotted in Figure 30 A 1200 Coar the mieh pressure end.
his values for & are lower than the present results. At 1100 Co Schwerditeser rgnored one
value of A and his curve showed no inflection. I cqual weight s attached to cach pomt agree-
ment with the present work at 100 C s very good and a shrmondal-shiped carve s obtuimed.

4. DISCUSSION

Wagner? derived an expression relating the parabolic rate constant and the duffusion
coefficients of the anions and cations in the scale formed on a metal throuzh reaction with
a gas. In the case of “CraN". where nitrogen is the diffusing species. Wagner's cquation gives
the following relation between A and the self=difTusivity of mtrogen Dy

‘tl_'\'\
A 22DV d Inas (2
u"\"_

where A" is in [(g nitrogen)? m Y min Y e ds the coneentration of nitrogen (¢ mirogen m ).
Dx*is in(m2min H.and ay is the nitrogen activity with the indices s and 4 referming to the
subnitride-gas and subnitride-chromium interfaces respectivels. Diflerentaung tguation (2)
and setting an payogives:

o 1 dh
A 22303 dlogpy
A simplifyving assumption involved in the derivation ot Fquations 2y and (31 o that the
concentration ¢ is essentially constant and that the umdirectional dittusional fluy at a grven
time is the same in all planes throughout the tarnish layer: this s o reasonable assamption tog
phases of narrow composition range.
For “Cr:N". which has a relatively wide composinion range Schwerdtezer' dernved the
following modification of Wagner's equation. based on the assumption that the nirrecen con-
centration profite across the subnitride is linear.
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where ¢ and o are the nitrogen concentrations at the submitride posond subnanide Chronines

tnterfaces. respectively. Differentiating Equation (9 and sctting a0 o
_ 4 [ A v P
Dye L 20 ) i [
2203 e ey ) l dlog pe . . Dlosp
!
Schwerdtfeger’s! data tor the concentration of nitrogen in the subninde o and the conposition
e Cre N e the hinear relation
1 (OX4 Y20 I
Equation (5) may be moditicd using de v 684107 10 vive
| l oA g T ) ! : '
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i
Vialues of .. ¢ and v dlop pyowere caloulated oo rbe pee-cnt e St !
pressure dita (Rel 6o bag Dy 4 and dh d o poowere chtaoed e 1 (I v




of the curves were caleulated using a five-point tormula tor the first dernanive o an experimental
function (Lanczos®).

If diffusion in chromium subnitride is accomplished cosentiady by random notion of
nitrogen vacancies, the self-diffusivity shouid be proportonal o the ratio ot the number of

vacant nitrogen sites to the number of occupied nitrogen sites (s vy (1l 1y Values
of Da* calculated using Equation (Tt are plotted as a function of oy ey Treores 4and >
The proposed linear relitionship was not obtained. Instead the curves passed throuph a
minimum which suggests that the intrinsic ditfusivity 24 ol utrogen varjes swaith the com-
position of the subnitride.
The diffusivity Dy can be related to the self=diffusivity 24 by the equation
dine

Dy* 2D\ (S)
dinpy,

which may be re-arranged o give
2 [)\ o o

Dy
A 2303 ¢ v dloppe,

()

Values of Dy caleulated using Equation (9) are plotted s g funcuon of composttion in
Figure 6. The intrinsic ditfusivity of nitrogen is shown to depend on compostion. mcreasing
towards both the fower and upper limits of the composition range of the subnitode . the mmmum
shifts 10 lower nitrogen contents with increasing temperatuic.

DA% was caleutated using Equation (9) and constant salues tor 224 The reselis for the
temperatures PO and 1250 C are plotted in Figures 4 and 3 The values of Dy used were
the minimum values for the curves in Figure 6 and it is seen that the equilibrium data (Ret 6,
Fig. D) give a limear refation between D3 and #y nif Dy s independent of composition::
however. the curves do ot pass through the orgin,

T was not possible 1o caleulate meanmgtul vatues of activation energies from the data due
o the farge varatons of ¢ and the dissociation pressure of the submittide with temperature.
and the compley dependence of the dittusivity on composiion and temperature.

Schwerdtteger? measured the mtrinsic diftusivity. of mittogen 1 chronuam subnoitride at
1200 C und concluded that 1t was essentially independent ot composition. The varatons m
diffusivity vajues caleulated from the Kinene data are large enough 1o ke readih measured
experimentally . A study of the diffusivity of nitrogen in chiromaa subaitride will be undertahen
to dassess the vahidiny of the caleulations of ditTusivities in the present work

5. CONCLUSIONS

Anew techarque sath o simele speermen as been used suceesstully to determime the kinetios
ol the reaction of mitrogen with chromium over a wide tange of emperature and nitrogen
pressure.

Nitrogen difusivities i chromium subntnde caleulated usine Waener's oadation theors
mdicate that the diffusivany vares with composition. passimie thireueh a0 nunimuam value at
mtermediate composttions The compostion havine the nommuom dillusnis vaties wath

tlemperature

T Equation 7y reduces to Equation (9 on putting coand neylecnng the secor ' erm

m the brackets. this second ternt was found to be 107 o dess ot the fist term and puttnyg

]

¢ cancreased the tese term by a correspondmy amount. o that values of Dyt calculated

from b guation 73 avreed swith those Grleulated trom Fguanion £33y 1o wilun 1oy




TABLE 1

Parabolic Rate Constants for the Formation of Chromium Subnitride Layer on Chromium in

Nitrogen
t |
Pz k- P2 k' ‘ P ' A
kPa gZm ‘min ! kPa lgf m ‘min ! J hPa fedm dmin )
i !
1000 C 1050 ¢ l Hoo ¢
' 1
! ! I
0-265 0-95 0-465 1 20 1 0-400 22
0-665 1-46 0-015 ! 26 j 0605 36
1-335 1-76 0-835 | 3 I B AR 5-3
2-665 f 1-94 1-630 | 306 ! 1-705 77
5-865 1 245 3505, 46 1 SIS 87
13-335 1 2-%0 8725 503 N I & RSP [V PR
26665 \ I3 Meses s 21338 14
[ 28-475 i 6-8 060665 13:0
i | S8edes TS 101-330 b2
| |
1Hs0 C ‘ 1200 C j 1250 €
0-605 t 1-56 1-145 4-5 24010 12-3
0-740 i 35 1-165 84 3478 339
1120 7-1 1-970 14-7 5880 3149
1-730 \ 10-0 2915 0 206 0730 EREN
2775 13-0 4-440 | 2941 20-875 876
4670 L 160 7-010 34-5 36845 1053
R-41S | 194 11-550 41-4 . 89150 0 119-7
11620 ‘ 214 20-420 46-2
lo-485 | 229 39355 343
6520 1 259 85795 6l-2
98-190 1 302 |
\ \ ‘




REFERENCES

C Arkharov. V. L. Kones. V. N.. and Menshikov. A. 7. Fiz Metall i Metalloved 7, 64 (1959):
translated in Phys. Metals Metallog. (USSR). 7. 58 (1959),

. Hagel, W, C. Trans. Am. Soc. Metals, 56. 583 (1963).

. Seybolt, A. U, and Haman, D. H. Trans. Met. Soc. AIME. 230, 1294 (1904
Schwerdifeger. K. Trans, Met. Soc. AIME. 239, 1432 (1967).

. Mills. T. J. Less-Common Metals, 220373 (1970).

. Mills. T. ). Less-Common Metals, 26, 223 (1972).

Wagner, C. Atom Maovements (A SM.. Cleveland, 1951). p. 153,

_ Lanczos. C. Applied Analysis (Pitman, London, 1957), p. 231




3
1510
1250°C 1150°C o
10.70 kPa 11.59 kPa 11007C
13.30 kPa
1200°C
11.52 kPa
103 u
T
£
(o]
o
NA
2«
3 —
0510 |-
1000°C
P, : 13.30 kPa
0 | 1

50 t (min)

100

150

Fig. 1. Typical examples showing that a parabolic rate law s obeyed 1 the mtriding of
chromium over the temperature range 1000 —12500C.
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Fig. 3. Parabolic rate constant for the nitriding of chromium as o function of nitrogen
pressure at six temperatures.
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Fig. 4. Self-diffusivity of nitrugen in chromium subnitride at 1000°, 1050° and 1100°C
as a function of composition, —O— calculated from Eq. (7), —@- calculated from Eq. (9)
for 1100°C assuming Dy constant.
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Fig. 5. Self-diftusivity of nitrogen in chromium subnitride at 1150, 1200 and 12600C
as a function of composition, ~O~ calculated from Eq. (7), @ calculated from Eq. (9)
for 12500C assuming Dy constant.
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